Objective-We sought to identify differentially expressed genes in the athero-prone coronary artery and athero-resistant internal mammary arteries. Methods and Results-Using suppressive subtraction hybridization, we generated reciprocal cDNA collections of representative mRNAs specific to porcine coronary arteries versus porcine mammary arteries. We screened 1000 suppressive subtraction hybridization cDNA clones by dot blot array and sequenced 600 of those showing the most marked expression differences. Northern blot, in situ hybridization, and immunostaining confirmed the differential gene expression patterns identified by the dot blot arrays. Genes associated with mammary arteries included claudin-10 and h-cadherin, which are genes associated with tight junctions and intermediate junctions. In contrast, genes associated with proatherosclerotic processes, such as lipid retention and metabolism, inflammation, and cell growth, were preferentially expressed in coronary arteries. Conclusions-Normal coronary arteries have gene expression program that is significantly different than internal mammary arteries. These differences may partly explain the resistance of coronary arteries and internal mammary arteries to atherosclerosis. 
O ne of the striking aspects of human atherosclerotic disease is that some arteries, such as the internal mammary and radial arteries, are highly resistant to spontaneous lesion formation even in a strongly proatherogenic environment while at the same time coronary and carotid arteries develop atherosclerosis. Because of these territorial differences in the propensity of various arterial beds to atherosclerosis, the internal mammary artery was the first vessel to be used as a graft to bypass obstructed coronary artery. [1] [2] [3] The favorable effects on mortality and morbidity are observed irrespective of age, sex, race, or left ventricular function. 4 A 15-year survival analysis of all patients in the Coronary Artery Surgery Study registry who had undergone bypass grafting showed that Ͼ90% of the internal mammary grafts remain patent. 5 A group of patients with left anterior descending coronary artery occlusion who received internal mammary grafts showed Ͼ90% patency rate 20 years after surgery. 6 Even when atherosclerosis does develop in mammary grafts, 7, 8 intimal hyperplasia is found primarily at the anastomosis, 9 suggesting that it developed in response to surgical trauma. Because of the dramatic benefits afforded by the internal mammary grafts as a conduit, current recommendations are that its use for bypass grafting should be preferred in all but a few specific situations. 4 The biological mechanism(s) underlying the athero-resistant property of arteries is completely unknown. The structure and cellular compositions of athero-prone arteries are different from that of internal mammary artery. One major difference between the coronary artery and mammary artery is in intima. Comparison of intimal thickness of coronary, carotid, and mammary arteries have revealed that intimal thickening of left anterior descending coronary artery and carotid artery bulb are more marked, occur earlier, and can be demonstrated as early as 6 months of age. 10 -21 In contrast, mammary arteries have thin intima and the thickening was not found before 21 years of age. 11, [21] [22] [23] Although not a lesion itself, the tick intima is believed to be a prerequisite for lesion formation. 24 -26 Despite the obvious importance of the composition of the blood vessels, there has not been a comprehensive analysis to define the differences in the makeup of different arteries. Most studies investigating the regulation of pathological conditions at the level of gene expression have traditionally used a candidate gene approach. However, this strategy is limited in scope because of the sampling of only limited number of a predetermined single gene in isolation from the entire repertoire of mRNA transcripts. We hypothesize that the phenotype of a blood vessel, in part, determines its ability to resist or develop atherosclerosis. Because the phenotypes of tissues within an organism are determined by their pattern of gene expression, we determined differential gene expression pattern between coronary and mammary arteries.
Various approaches to study differential gene expression are applied to vascular tissues. [27] [28] [29] [30] [31] [32] [33] [34] The compromise between focusing on only the important genes in certain cellular processes and achieving a complete picture is critical for the selection of strategy. We used suppressive subtraction hybridization (SSH) to determine differential gene expression because it provides an approximately 1000-fold enrichment of low copy number (Ϸ10 copies/cell) genes related to defined phenotypes. [35] [36] [37] We have generated reciprocal cDNA collections representing mRNA specific to porcine coronary versus porcine mammary arteries. We screened 1000 SSH cDNA clones by dot blot array and sequenced 600 of these showing the most marked differences in expression. Northern blot, in situ hybridization, and immunohistochemical staining confirmed the differential gene expression pattern identified by the dot blot arrays. The existence of distinctive sets of genes that mark these two vessels will aid us to understand why the arteries differ in their propensity to develop vascular diseases.
Methods
The porcine mammary artery and proximal segment of left coronary artery from 3 swine (6 months, 40 to 50 lbs) were surgically removed and immediately transferred to a tube containing cold RNA stabilizing solution (RNAlater, Ambion). Histological examination of the segments showed that the segments were normal. The arteries were stripped of the endothelium and periadventitial fatty tissues in the stabilizing solution at 4°C, snap frozen in liquid nitrogen, and stored at Ϫ80°C for subsequent RNA extraction. To minimize possible variation between the individual swine, we pooled total RNA extracted from 3 matched coronary and mammary arteries.
Northern blots and in situ hybridizations were performed according to standard procedure. SSH libraries were made using polymerase chain reaction (PCR)-select cDNA subtraction essentially as described by Clonetech using excess (8-fold) mammary and coronary cDNAs as drivers to make coronary-enriched and mammaryenriched libraries. After establishing the efficiency of subtraction, cDNA fragments from the secondary PCR were ligated into a pT-Adv vector using a T/A cloning kit (Clontech) to generate subtracted cDNA libraries. Using colony hybridization, positive clones were identified by differentially screening the library using both forward-subtracted and reverse-subtracted probes (derived by switching between tester and driver populations for another subtractive hybridization). Positive clones, identified by differential screening, were sequenced at the core sequencing facility of Cedars-Sinai Medical Center. The sequences were examined for the presence of vector contamination using vector contamination screening program, VecScreen. The resulting nucleotide sequence was blasted for similarity against all nonredundant and EST databases of the basic local alignment and search tools (BLAST) at the National Center for Biotechnology Information (NIH, Bethesda, MD). The resulting nucleotide sequence was analyzed for similarity to the nonredundant database sequences using the BLAST. Some clones displayed high levels of homology (Ͼ90%) to known mRNA present in the nonredundant nucleotide sequence database. However, there were clones that showed low level of homology to the known sequences.
These clones were further examined for the presence of any known domain to determine whether they belong to any family of proteins. To classify these genes, we considered 25% identity over a stretch of at least 80 amino acid as significant because it represented the same basic fold. 38 -41 
Results
The aim of this study was to compare the gene expression in porcine coronary and mammary arteries. We used SSH over standard differential or subtractive hybridization methods because it is fully compatible with a PCR-based preamplification method allowing for the synthesis of high-quality double-stranded cDNA from small amounts of total RNA. This is important in vascular tissues because they are hypocellular. Starting with 1 g of total RNA, we generated high-yields of double-stranded porcine coronary and mammary cDNAs suitable for subtracted probe generation. To determine whether the original complexity of the mRNA population was maintained during cDNA synthesis and amplification, we used reverse Northern blot to determine the size range of the amplified products. Because PCR is more efficient at amplifying short sequences, we decided to investigate the presence of several representative large messages, such as fibronectin, laminin, and tenascin-X, in the amplified pool of cDNAs. Northern blot analysis of the amplified cDNAs showed that these large messages were indeed represented in the amplified cDNA made from coronary and mammary arteries (not shown), suggesting that the SMART PCR method faithfully amplified the original cDNA.
To estimate the efficiency of subtraction, the abundance of a known cDNA was compared before and after subtraction. The populations of unsubtracted and subtracted cDNAs were analyzed by PCR with primers specific for the commonly expressed ␤-actin gene. In nonsubtracted libraries, a 500-bp ␤-actin-specific PCR product is visible by 28 cycles of amplification and becomes saturated at 33 cycles (not shown). In contrast, the ␤-actin PCR product was not detected in the subtracted libraries. We conclude that the subtractions were effective in markedly reducing the abundance of genes shared by both arteries.
After establishing that the subtractions were effective, the subtracted cDNAs were cloned and 1000 clones were randomly selected for screening. Two approaches have been used to screen the differentially expressed libraries: screening with the unsubtracted cDNA probes and screening with the subtracted probes. We used primarily the second approach because subtracted cDNA probes allow the identification of low copy number genes. 42 In addition, some clones were screened by unsubtracted probes. Coronary-enriched clones that hybridized with mammary-subtracted probes but not with coronary-subtracted probes were considered differentially expressed coronary genes. Similarly, mammary clones that hybridized with coronary-subtracted cDNAs but not mammary-subtracted probes were considered differentially expressed mammary genes. More than 90% of the coronaryenriched clones showed a strong positive signal with the mammary-subtracted probe ( Figure 1A ) and failed to hybridize, or gave a very low signal, with the mammary-subtracted cDNAs ( Figure 1B) . Likewise, more than 80% of the mammary-enriched clones strongly hybridized with the cor-onary-subtracted probe ( Figure 1C ) and generally failed to hybridize with the mammary-subtracted cDNAs ( Figure 1D ). Those coronary clones that hybridized with the mammary probe ( Figure 2 ) and those mammary clones that hybridized with the coronary probe ( Figure 2 ) were considered falsepositives. The positive clones that were identified by the subtracted probes were considered to contain differentially expressed high and low copy number genes. A large number of distinct gene fragments were present in the resulting subtraction products, as determined by sequencing 600 clones with at least 3-fold difference in the intensity of the spots. Tables 1 and 2 show the genes with known functions. We considered these genes as candidate genes that mark coronary and mammary phenotypes.
We confirmed differential gene expression of selected genes by Northern blot and in situ hybridization. Total RNA isolated from two matched coronary and mammary arteries were pooled and used for Northern blot. We randomly selected 21 genes that were identified using the subtracted probes for Northern blot analysis (Figure 2 ). Among these Representative Northern blot analysis of a selected differentially expressed coronary and mammary genes: Total RNA isolated from matched porcine coronary (C, left) and mammary (M, right) arteries (10 g/lane) were electrophoresed on a 1% agarose gel, transferred to nylon filters, and hybridized under high-stringency conditions with indicated 32 P-labled cDNA probes. Each lane represents a pool of total RNA from 3 porcine arteries (nϭ12). The blots were stripped and reused 3 times. The ␤-actin is a representative of the loaded RNA, indicating that RNA loading was uniform.
genes, 13 were hybridized primarily with the mammarysubtracted cDNA probes and presumably represent coronaryenriched genes. Northern blot analyses confirmed differential expression of 11 genes. These included ⑀-sarcoglycan, caveolin-2, colipase, lymphocyte activating factor, proteolipid protein, osteomodulin, procollagen-␣-2, SPARC-like protein, amyloid beta A4 precursor-like protein 2, lumican, and connective tissue growth factor. In addition, we selected 8 genes that were hybridized with coronary-subtracted cDNA probes, but not mammary-subtracted probes, which presumably represent mammary-enriched genes. Northern blot analysis confirmed differential expression of 7 genes. These included h-cadherin, claudin-10, moesin, gravin, muscle disease-related protein, fibrinogen-like protein-2, and integrin ␤1 binding protein 2. A representative of loading control, ␤-actin, is also shown. In addition to these genes that were identified by subtracted probes, we confirmed differential gene expression of 3 selected genes that were identified by unsubtracted coronary (hevin and decorin) and mammary (h-cadherin) cDNA probes.
Furthermore, we confirmed differential expression of 4 selected genes by in situ hybridization of which 3 were identified with mammary-subtracted probe (caveolin-1, pleiotrophin, lipoma-preferred partner) and 1 was identified by coronary-subtracted probe (␣-2 macroglobulin). Figure 3 shows differential expression of caveolin-1 mRNA. Caveolin-1 was strongly expressed in the coronary artery. Its distribution was heterogeneous and concentrated primarily in the intima. The sense strand probe for caveolin-1 did not stain the coronary. Caveolin-1 mRNA was substantially lower in the mammary artery than coronary artery and similar to the sense strand. This pattern of expression was observed in 10 of 12 porcine coronary arteries. We did not detect caveolin-1 mRNA in two other porcine coronary arteries. In addition to caveolin-1, we validated differential expression of pleiotrophin and lipoma-preferred partner by in situ hybridization. Our data showed that these genes are preferentially expressed in the coronary arteries (not shown). Further, we confirmed preferential expression of ␣-2 macroglobulin mRNA in the porcine mammary arteries (not shown).
To further demonstrate the blood vessel selectivity of candidate gene expression, we examined expression of tenascin and angiogenin in porcine coronary, mammary, and radial arteries. These genes were identified by screening the coronary-enriched library with unsubtracted coronary and mammary cDNA probes and, therefore, these genes are enriched in the coronary arteries. Northern blot analysis of porcine coronary, mammary, and radial arteries revealed that the two isoforms of tenascin are predominantly expressed in the coronary arteries (Figure 4 ). In addition, we found preferential expression of angiogenin in the coronary arteries but not mammary or radial arteries. These results further support other data suggesting that the coronary artery has a specific gene expression program that is different from either mammary or radial arteries.
Discussion
We used SSH to determine differential gene expression between coronary and mammary arteries. To work with a relatively homogeneous cellular population, we removed endothelium and adventitia; therefore, our data primarily represent differential gene expression of medial and intimal smooth muscle cells. To screen the libraries, we used subtracted probes to identify rare messages. 42 From the subtracted libraries, we randomly selected 27 genes that were identified with the subtracted probes for further analysis by Northern blot, in situ hybridization, and immunostaining. The results confirmed differential expression of 24 of the genes in coronary and mammary arteries. These results indicate that the false-positive rate was approximately 10%. This falsepositive rate could be the result of an inherent feature of this methodology, 36 similarities between mRNA patterns of coronary and mammary arteries, 42 or a combination thereof. If we assume that this low rate of false-positive can be extended 
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to other genes listed in Tables 1 and 2 , then our data suggest there are substantial differences in the gene expression patterns of coronary and mammary arteries. Although the vascular function of majority of these genes has not been defined, extrapolation from other systems would suggest that signals generated locally by these genes might either alone or in combination with invading inflammatory cells result in initiation and development of lesion in the coronary arteries. Northern blot analysis of porcine coronary and mammary arteries showed that extracellular matrix proteins are consistently overexpressed in 12 coronary and mammary arteries examined. For example, decorin, lumican, procollagen-␣, tenascin, secreted protein acidic and rich in cystein (SPARC)-like molecule, hevin, ⑀-sarcoglycan, and osteomodulin are preferentially expressed in the coronary arteries. Although vascular expression and activity of some of these genes are unknown, they may play an important role in processes that are critical to the pathogenesis of atherosclerosis. Decorin promotes binding of LDL to collagen, 43 which increases the capacity of coronary arteries to retain lipids. This interaction increases the ability of LDL to oxidize, 44 which could lead to formation of foam cells. 45 Tenascin and SPARC-like/hevin are antiadhesive extracellular molecules preferentially expressed in the coronary arteries. We have previously shown that tenascin prevents adhesion of rat vascular smooth muscle cells to fibronectin 46 and promotes migration of these cells. 47 Others reported that tenascin promotes proliferation of smooth muscle cells. 48, 49 SPARClike/hevin is another antiadhesive molecule that we have found to be differentially expressed in the porcine coronary arteries. We have previously reported that SPARC-like/hevin is primarily expressed in the aorta and vena cava and is primarily a medial marker. 50 Taken together, these data suggest that the medial gene expression profile is dependent on arterial phenotype.
Another group of molecules that we found to be expressed preferentially in the coronary arteries is related to lipid binding and metabolizing molecules, such as caveolin-1 and 2, proteolipid protein, colipase, and lipoma-preferred partner. Caveolins are integral membrane proteins that form the framework of caveolae, which are 50-to 100-nm plasma membrane invaginations. Caveolin-1 binds to cholesterol and 7-keto cholesterol and mediates their transport, suggesting that caveolin-1 is important in regulating cellular cholesterol homeostasis during atherosclerosis. 51 Caveolin-2 also appears to be involved in trafficking of lipid molecules mediated by caveolins. 52 Colipases are involved in the absorption, transport, storage, and mobilization of lipids. 53 Proteolipid protein is another coronary gene that codes for the most abundant protein in the central nervous system, however, its vascular function is unknown. 54 Lipoproteins, once retained and metabolized, can induce inflammatory reactions. 55 Inflammation is initiated by rolling adhesion of monocytes and lymphocytes to the endothelial surface, penetration of endothelial junction, and migration to the subendothelium. Monocytes are converted to macrophages, whereupon they ingest lipids and become foam cells leading to formation of fatty streaks. We have found that the coronary arteries are enriched in genes that are involved in every one of these events. For example, tenascin and hevin are reported to support the tethering and rolling of lymphocytes and lymphoblastic cell lines under flow conditions. 56, 57 Compared with rolling of the same cell type on E-selectin, rolling on tenascin was found to be smoother at all shear stresses tested, suggesting that cells formed a larger number of bonds on tenascin substrate than on E-selectin substrate. 56 We also found preferential expression of T-cell activation protein and lymphocyte-activation gene in the coronary arteries, which promote monocyte chemotaxis 58 and in combination with macrophage-colony stimulating factor or granulocyte macrophage-colony stimulating factor, stimulate proliferation of mature tissue macrophages. 59 In contrast with these coronary artery genes, internal mammary arteries are enriched in genes involved in cell-cell interaction. For example, we found a strong expression of h-cadherin and claudin-10. Cadherins are transmembrane proteins that mediate homophilic cell-cell interaction. In addition, cadherins modulate ␤1 integrin activity thus regulating cell-matrix interaction. 60 Further, cadherins, interact with growth factor signaling, thus influencing cell growth and migration. 61 H-cadherin is a newly characterized cadherin molecule whose expression is decreased in a variety of human carcinoma cells, especially in high-grade invasive epithelial ovarian 62 and gastric cancers. 63 Transfection of h-cadherin cDNA into two breast tumor cell lines in which there was no basal h-cadherin expression resulted in diminished tumor cell growth and a significant change from invasive morphology to a normal cell-like morphology. 64 Injection of h-cadherin-transfected cells into mammary fat pads of nude mice produced a marked inhibition of tumor growth and modified the morphology of tumor cells. 65 In addition to anti-invasive activity, h-cadherin inhibits neovascularization. 66 Claudin-10 is a member of tight junction proteins. 67 The function of claudins are unknown; however, in kidney tubules, claudins appear to regulate extracellular or paracellular permeability, through resorption of Mg 2ϩ and Ca 2ϩ . 68 The differential gene expression between coronary and mammary arteries suggests that these blood vessels have different phenotypes and, therefore, their response to a proatherosclerotic environment would be different. Therefore, although of comparable diameter and in close physical proximity to coronary arteries for 50 or more years in humans, mammary arteries do not develop atheroma in a proatherosclerotic environment. This freedom from atherosclerosis continues for decades thereafter when these vessels are used for coronary revascularization. In addition, the response of mammary arteries to mechanical injury is different from that of coronary arteries. Human coronary arteries respond to balloon angioplasty by promoting cell migration and proliferation, leading to the formation of neointima and restenosis in approximately 40% of cases. However, unlike coronary arteries and saphenous vein grafts, restenosis was not found in mammary artery grafts after percutaneous transluminal angioplasty. 69 The resistance of internal mammary artery grafts to restenosis and atherosclerosis combined with our data regarding the differential gene expression between normal coronary and mammary arteries suggest that these two blood vessels have inherently different properties that may explain their divergent pathologies.
In summary, we have been able to detect differential expression of several genes between coronary and mammary arteries. The most striking aspect of our findings is the extensive differences in RNA expression in the internal mammary artery and coronary artery smooth muscle cells. The differential expression of porcine genes associated with lipid retention and metabolism, inflammation, neovascularization, apoptosis, cell growth, and anchoring junction should not be regarded simply as a list of genes and their associated expression patterns, but rather it is a representation of the state of the coronary and mammary arteries (ie, atheropermissive genes are expressed in the coronary artery and athero-resistant genes are expressed in the mammary artery). Future development will yield an even more comprehensive view of the gene expression pattern between various arterial phenotypes. Northern blot analysis of tenascin and angiogenin expression in different arteries. Total RNA isolated from porcine coronary (C), mammary (M), and radial (R) arteries were analyzed by Northern blot using tenascin and angiogenin as described in the legend to Figure 3 . RNA loading was examined by reprobing the blot with ␤-actin.
